Buchnera aphidicola is the endosymbiotic bacterium of the pea aphid. Due to its small genome size, Buchnera lacks many essential genes for autogenous life but obtains nutrients from the host. Although the Buchnera cell is nonmotile, it retains clusters of flagellar genes that lack the late genes necessary for motility, including the flagellin gene. In this study, we show that the flagellar genes are actually transcribed and translated and that the Buchnera cell surface is covered with hundreds of hook-basal-body (HBB) complexes. The abundance of HBB complexes suggests a role other than motility. We discuss the possibility that the HBB complex may serve as a protein transporter not only for the flagellar proteins but also for other proteins to maintain the symbiotic system.
Using total RNA extracted from aphids as a template, we synthesized cDNA with random hexamers by using the SuperScript II reverse transcriptase (Gibco-BRL). The cycling parameters were as follows: 96°C for 3 min, followed by 94°C for 30 s, 58°C for 30 s, and 68°C for 1 min for 25 cycles, and finally 72°C for 10 min. The resultant PCR products were analyzed on 2% agarose gels, and their sequences were determined by the direct cycle sequencing method.
Electron microscopic observation of negatively stained Buchnera cells. Buchnera cells were put onto a grid, negatively stained with 1% sodium phosphotungstate (pH 6.5), and observed with a transmission electron microscope (JEM-1010; JEOL, Japan). Micrographs were taken at an accelerating voltage of 80 kV.
Proteome analysis of Buchnera. Buchnera cells were purified from about 500 bacteriocytes and lysed in 250 l rehydration buffer consisting of 6 M urea, 2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 0.5% IPG buffer (pH 4 to 7), 0.01% bromophenol blue, and 0.28% dithiothreitol. A total of 200 l of lysate was applied to an Immobiline DryStrip (11 cm long, pH 4 to 7; Amersham Biotech). After first-dimensional isoelectric focusing, the gel was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 12.5% polyacrylamide separating gel. The gel was stained with Coomassie brilliant blue (CBB) R-250, and about 50 of the strongly staining protein spots were cut out and in-gel digested with trypsin. The masses of the peptide fragments were analyzed on a matrix-assisted laser desorption ionization-time of flight/mass spectrometry (MALDI-TOF/MS). Proteins were identified by using the MASCOT program against the Buchnera genome database (http://www.buchnera.gsc.riken.go.jp).
RESULTS
The B. aphidicola chromosome contains 26 flagellar genes even though the cells are nonmotile. The flagellar genes are arranged in five operons, which are clustered in three regions of the genome. Compared to the well-studied flagellar system of Salmonella, the order of Buchnera flagellar genes in operons is highly conserved, as can be seen in the alphabetical order of gene alignment (Fig. 1) . The sequence homology of the flagellar proteins between the two species varies from as high as 75% for FlgG to as low as 20.8% for FliJ ( Table 1 ). Note that the six core proteins of the type III secretion system (T3SS) (FlhA, FlhB, FliI, FliP, FliQ, and FliR) are highly conserved, with 40% sequence homology compared to those of Salmonella (2) . All of these genes found in Buchnera are required for assembly of the so-called HBB complex (3, 10, 12) thus validating the active transcription of all flagellar genes in Buchnera cells.
To examine the translation of the flagellar genes, proteomic analysis was performed. Whole lysate of Buchnera cells surgically isolated from aphids was analyzed by SDS-PAGE. This was followed by peptide mass fingerprinting analysis on the MALDI-TOF/MS). By systematic analysis of the bands from SDS gels, we could identify nine flagellar proteins: FliH, FlgF, FlhA, FlgE, FlgH, FlgI, FliG, FliM, and FliI (data not shown). Bands in the region, which overlapped with many different proteins, were separated by two-dimensional PAGE. Among more than 200 proteins separated in the acidic region of the two-dimensional gel, about 50 major spots were analyzed. The largest spot was MopA, a GroEL-like chaperonin 60, which is also called symbionin (13) . The other major spots included DnaK, RpsA (30S ribosomal protein S1), TufB (elongation factor EF-Tu), and OmpF-like protein. Two flagellar proteins, FlgE for the hook and Flg G for the distal rod, were further identified among minor spots (Fig. 3) . It should be noted that the copy numbers of FlgE and FlgG are too small (120 and 26 subunits per flagellum, respectively [9] ) to detect in the crude preparation by CBB staining, and thus the immunoblotting is routinely used for detection. The CBB-stained spots of these proteins in Fig. 3 indicate that FlgE and FlgG are abundant in this crude preparation.
From our results, we conclude that the Buchnera flagellar genes are not pseudogenes but are actually transcribed and translated in cells. It is well known that the flagellar gene expression is directly controlled by the master genes, flhDC in Salmonella, which are in turn under the regulation of other genes that sense environmental changes. Since Buchnera cells are confined in a seemingly stable milieu of the bacteriocyte and buffered against environmental changes, the absence of these regulatory genes in Buchnera suggests that the flagellar genes may be constitutively expressed.
Knowing that the flagellar genes are expressed, we expect to find flagellar structures assembled on the cell surface, and 3 . Two-dimensional electrophoretic profile of Buchnera proteins. Buchnera cells isolated from bacteriocytes were lysed in rehydration buffer, and the aliquot was applied onto an Immobiline DryStrip (pI 4 to 7). After isoelectric focusing, followed by SDS-12.5% PAGE, peptide mass fingerprinting analysis by using MALDI-TOF/MS was performed. The largest spot was MopA, a GroEL-like 60-kDa chaperonin. Numbers: 1, FlgE; 2, FlgG; 3, DnaK; 4, RpsA; 5, MopA, 6, TufB; 7, OmpF-like protein. hence we examined intact Buchnera cells isolated from bacteriocytes by transmission electron microscopy. Cells appeared partially translucent (Fig. 4) when stained with 1% sodium phosphotungustate. Either membranes were breached by a slight osmotic shock into the staining solution and/or are simply the Buchnera since the outer membrane lacks the porins. There were no filamentous structures observed on the cell surface. Instead, we observed hundreds of structures that span between the inner and outer membranes (Fig. 4) . The structure resembles the flagellar basal body, with MS-and PL-ring complexes and rods penetrating them. Some particles have a hook-like structure, albeit too short to curve, that extends from the PL-ring complex (Fig. 4, insets) . The dimensions of these features are similar to those of Salmonella (3, 10). Our images are evidence that the expressed flagellar genes are assembled into flagellar HBBs. It should be noted that the Buchnera HBB is peritrichously distributed and that our count of a few hundred particles on the periphery of the cell in Fig. 4 provides an estimate of at most a thousand HBBs per cell. In conclusion, the flagellar genes on the Buchnera genome are transcribed and translated, and the flagellar proteins assembled into hundreds of HBBs, which cover the cell surface of Buchnera.
DISCUSSION
The genome analysis of B. aphidicola sp. strain APS has revealed that Buchnera retains flagellar genes coding proteins for the hook and the basal body but not for the filament. The   FIG. 4 . Electron micrograph of the negatively stained Buchnera. A Buchnera whole cell shows that the periphery is covered with HBBs. Insets: A and B, enlarged views of the peripheral area of the cell surface; C and D, typical HBB-like particles are further enlarged. Buchnera organisms isolated from the bacteriocyte were stained with 1% sodium phosphotungstate. The specimen was observed by transmission electron microscopy. The scale bar for the main image is 500 nm; the scale bars for insets A and B is 100 nm and for insets C and D is 20 nm. genomic information has also suggested that the partial structure of the flagellum, if it exists, might be used for purposes other than motility to enrich the symbiosis life (15) . We report here the first experimental evidence of the flagellar structure existing in Buchnera.
We have found hundreds of HBBs on the cell surface of Buchnera. The HBBs are peritrichously distributed over the surface. Since there are no master genes that control the flagellar number in peritrichously flagellated species such as E. coli and Salmonella, Buchnera flagellar proteins might be constitutively expressed, distributed, and assembled in the membrane without control. Why are so many HBBs necessary for Buchnera? Buchnera is nonmotile, and the flagella lack the essential components of motility such as a filament (the propeller) and the Mot complex (the stator of the motor). These facts suggest that the Buchnera HBBs may have functions distinct from motility. The most plausible function is protein transporter, as the flagellar apparatus belongs to the family of T3SSs (1, 4, 6, 11, 16) .
The T3SS proteins that are secreted do not have signal sequences and are thus secreted without cleavage. In other bacterial species such as Salmonella, the flagellar HBB complex exports the flagellar proteins that form the rod, hook and filament; the other T3SS structures secrete effectors of virulence in order to invade the host. The appearance of the rod and part of the hook in Buchnera is evidence that the HBB complex can function to export proteins. Considering the reduced genome size of Buchnera, which lacks the full set of genes encoding the membrane transporters, we suggest that the Buchnera HBB is a plausible candidate for an export apparatus to transfers Buchnera proteins to the host. Can the HBBs export proteins other than flagellar proteins? There is evidence that some virulence factors are also secreted through the flagellar secretion apparatus in Yersinia (16), but more examples are necessary to support this hypothesis.
There is an ATPase at or near the gate of the flagellar export apparatus; it is thought to unfold proteins to be secreted or to insert them into the axial export channel. However, the energy of transport itself has not been identified. One candidate of the energy source is the membrane potential. The pI values of the HBB components are mostly basic (9.0 to 10.0), whereas those of Salmonella are acidic (4.0 to 5.0) (15; see also Table 1 ). This is also true for the whole Buchnera proteins, suggesting that the electrostatic environment, especially the membrane potential, of Buchnera may be quite different from that of other bacteria. It will be interesting to determine the polarity of the electric potential in Buchnera. We believe that the reason for the abundance of the HBB on the surface of Buchnera will be apparent once we determine the function they perform.
